Hybrid Titanium Composite Laminates (HTCL) are a type of hybrid composite laminate with promise for high-speed aerospace applications, specifically i Graduate student,
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F,5,..q Figure 2 . Specimen Configurations Panels 6.7" X 3.5" of HTCL were autoclave cured and used to cut one of two specimen configurations shown in Figure 2 . Long straight-sided specimens were used for tension-tension fatigue testing. Short straight-sided specimens were used for tension-compression fatigue tests. The specimens were tabbed using the same 10 mil Ti-15-3 foil used in the HTCL construction.
They were cut to 1.25" X 0.5" and bonded using adhesive film, leaving 4.2" of test length for the long straight-sided specimens and 1.0" of length for the short specimens. Fatigue specimens were polished to a grain size equivalent of 5 l.tm with 4000 grit SiC paper to better observe damage.
Testing Procedures
Both tension-tension and tension compression fatigue are conducted in this investigation.
The tension-tension tests are conducted for comparison with the previous research conducted on the initial HTCL. Tension-compression fatigue was conducted to more acutely compare the impact of interlaminar strength and delamination resistance as compressivestressesare far more detrimental to delaminationdamage. Fatiguetestingis conductedusinga servo-hydraulic test framewith a 25 kN (5.5 kip) load cell and a computercontroller/dataacquisition system. Servohydraulicpressure grips wereusedfor the testing. An opticalmicroscopewasused to detect and photographHTCL cracks. Delaminationwas measuredby taking impressionsusing replicating tape and viewing them under the microscope. All tension-tensionfatigue tests are conductedusing a stressratio (R) of 0.1 at a frequencyof 10 Hz while tension-compression testswererun with R= -0.2 and a frequencyof 5 Hz. The frequencyis slowedfor thecompression testingbecausethe damageis expectedto propagate muchquickerfollowing titaniumply cracking. No changein HTCL fatiguelife is expected from this change.
RESULTS
AND DISCUSSION
Constant Amplitude Fatigue
The results of both tension-tension and tension-compression fatigue will be discussed, beginning with the overall fatigue life followed by a more detailed discussion of the initiation of damage, its subsequent progression, and finally the results of specimen failure investigation. The HTCL was fatigued until specimen failure the same stress levels the initial HTCL was previously tested [8] . The specimens were considered failed when they could no longer carry any fatigue load. The number of cycles to failure at eachstresslevel wasusedto produceanS-N curve. Figure3 illustratesthe fatigue life for advancedHTCL as comparedto initial HTCL. The S-N curves show a similar slope,howeverthe advanced HTCL curveshowshigherlife with anincrease in the endurancelimit from 730.8 MPa (106 ksi) to 751.6 MPa (109 ksi). One explanationis due to the differencein titanium ply thicknessesbetweenthe two laminates. With 11 rail foil, the initial laminatepossesses a volume fraction of PMC plies of .25 while the titaniumbeing .75. In the advanced laminate,the PMC volume fraction is .27 andthe titanium is .73.The fatigueloads appliedto HTCL arepredominantlycarriedby the muchstiffer PMC layer. Therefore,a variation in the percentage of eachmayalterthe fatiguelife. Yet this increasein fatiguelife and endurancelimit is not statistically significant, given scatter and experimental variability. Therefore,little-to-no difference is seen in fatigue life due to the improvedinterface. Figure 4 shows an S-N curve for the advanced HTCL, using an R-ratio of-0.2 and is graphed in comparison to the tension-tension curve constructed. A slight decrease in fatigue life is shown for the tension-compression. This is a result of the substantial increased stress range. Though the S-N curve shows a somewhat disproportional drop in life at high cycle fatigue, indicated by the change in slope from the R = 0.1 curve to the R = -0.2 curve, it should be noted that considerable scatter is expected at HCF. The same trend was observed in Figure 5 for the initial HTCL comparison.
(Note that only two initial HTCL specimens were available for the tension-compression testing, with one tested a second time after being tested at 655 MPa (95 ksi) to runout with no damage.) 
Fatigue Damage Initiation
As expected, the first visible fatigue damage occurs with a crack initiating in a titanium ply. The cracks consistently initiate at one edge and propagate through the entire ply width, a trend Johnson [3] observed in fatiguing adhesively laminated titanium. At the outset of fatigue testing a majority of these cracks initiated in one of the outer titanium plies, as observed in Li's [7] investigation. Table 1 shows the number of cycles from initial titanium cracking to ultimate specimen failure. From these results, it is clear that the advanced HTCL shows a substantial increase in cycles-to-failure following damage initiation over the initial HTCL for identical stress levels.
In HCF, the difference is an order of magnitude. Therefore, given titanium ply cracking occurs at the same cycle count for each stress level, the advanced HTCL would maintain a higher, improved S-N curve. This indicates the interfacial strengthening did increase the fatigue life following damage. As in the case of tension-tension fatigue, tension-compression damage initiated with titanium ply cracking and subsequent propagation across the ply width.
Though still the majority of the initial plies to crack were outer plies, inner ply damage occurred initially on a few occasions, as in the case for R = 0.1 loading. the effectsof the interfacebetweenthe laminates.The advancedHTCL increasein fatigue life of following damagevalidates the observationmade between the laminatesin tension-tensionloading that the strengthened interfacedoesincrease the laminatesdamagetolerance. A casewith an inner ply titanium crack initiating first is shownin Figure6 with a titanium crack forming at 100,000cycles in a specimentested with a maximum stresslevel of 869MPa (126ksi). The figure showsa replicationof the damage area along with a schematicshowing the damage progression.The magnitudesof the damagelines in the schematics arenot drawnto scale,however their lengthsarereportedwith dimensions of pm. 6(_0 1(t00 I
ii' :.i t A replication was taken of this cracked region on both the front and back edges every subsequent 5,000 cycles until specimen failure. These replications were viewed under the microscope to determine the extent of the damage for each number of cycles. The schematics show the some of the damage to propagate along the interface but some damage, though still mostly following a path in the longitudinal direction, begins to propagate into the PMC layers. Figure 7 shows the adjacent outer ply cracked at 116,000 cycles. The (+) sign shown indicates the damage propagated at least to the magnitude reported beyond as it progressed beyond the area of the replication. Fibers are visibly bonded to the titanium ply along its length. This is a direct result of a strengthened interface Figure  8 shows a cracked titanium ply in the initial HTCL consistently delaminated along the length of the specimenat the interface. The advanced HTCL possesses a strong enough interface to prevent interfacial delamination, such that a stress concentration breaks the fibers still bonded to the cracked titanium.
It is important to note that the first observation only characterized one of two typical scenarios resulting from a failed titanium ply. While often no interfacial delamination was produced between the titanium and PMC layers, in many cases, delamination did occur. However, such delamination always eventually propagated from the interface to the PMC layer, such that most of the length of the failed titanium ply remained bonded to some layers of fiber. This trend is discussed in more detail in the following section as failure surface inspection sheds significant light on this finding.
